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Abstract 
A hypothesis of the multichannel character of hydrogen diffusion in solids has been substantiated in the paper. Based 
on this hypothesis, a mathematical model of hydrogen diffusion in the crystalline lattice was constructed. The model allowed 
determining the dissolved hydrogen binding energies using an extraction curve. The curve is measured by an industrial vacuum- 
extraction procedure with mass-spectrometric detection of hydrogen streams. The paper presents various experimental data that 
supports the validity of the multichannel model and discusses the advantages and disadvantages of the proposed approach 
in comparison with the well-known method of thermal desorption spectra (TDS) that is recognized as the classical way of 
experimentally determining dissolved hydrogen binding energy in solids. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
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 1. Introduction 
The research of hydrogen diffusion in solids is of
great practical value. The phenomena of hydrogen
embrittlement and casting cracking during cooling
and crystallization occur as a result of hydrogen
diffusion. Gorsky proved in Refs. [1,2] that crystalline
matrix deformations occurring due to mechanical✩ Peer review under responsibility of St. Petersburg Polytechnic 
University. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)stresses affect, aside from the temperature and the
concentration gradient, atomic diffusion in solids.
This allowed to explain the mechanisms by which hy-
drogen embrittlement gradually evolves in mechanical
details and cold cracks form in weld joints. Hydrogen
diffusion plays an important role in the processes of
corrosion, cracking and brittle fracture of materials.
Hydrogen also has a notable effect on the electric
properties of semiconductors [3–8] . 
Industrial plants control hydrogen concentrations in
metals and semiconductors [9–11] . Thousands of ex-
periments on measuring hydrogen concentrations and
the parameters of the interaction of hydrogen with the
solid matrix are conducted daily all over the world.ction and hosting by Elsevier B.V. This is an open access article 
c-nd/4.0/ ). 
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Fig. 1. The extraction system of a hydrogen analyzer: cylindrical 
samples ( 1 ), extractor ( 2 ), analytical branch ( 3 ), radiation-heated 
furnace with a thermocouple ( 4 ), furnace temperature controller ( 5 ). Hydrogen diffusion is used to extract hydrogen from 
a solid body during the analysis while the samples 
are heated. Hydrogen flow is measured in such ex- 
periments. Interpreting the dependences of these flows 
on analysis duration and sample temperature allows 
to estimate the energy of the interaction of hydro- 
gen with the solid body matrix and its defects. The 
studies of diffuse hydrogen flows have revealed that 
the state of hydrogen in a solid body is characterized 
by certain energy levels of hydrogen’s bonding with 
the crystalline lattice, grain surface, various structural 
defects and inclusions. According to the obtained re- 
sults, the hydrogen with binding energies in the range 
of 0.2–0.4 eV significantly affects steel plasticity and 
strength. 
Thermal desorption spectroscopy (TDS) is a com- 
monly used method of experimentally estimating bind- 
ing energies; it is substantiated in Ref. [12] . Extracting 
hydrogen from a sample is regarded as a first-order 
chemical reaction with the activation energy equal to 
the binding one. Thus, hydrogen diffusion within the 
studied sample is considered insignificant. 
On one hand, this contradicts the experimental data, 
as even for relatively small sample sizes taking diffu- 
sion into account significantly alters the binding en- 
ergy values [13] . On the other hand, this approach is 
insufficiently precise, as evidenced by the attempts to 
mathematically simulate the experimentally measured 
thermal desorption spectra (TDS) [14] . In these simu- 
lations, binding energies of around 0.2 eV produce, as 
a rule, noticeable hydrogen flows under normal con- 
ditions, which is not observed experimentally. 
It is possible to estimate the binding energies 
through using other methods, for example, the spectral 
method [15] , but this only works well for thin samples 
in the form of films and membranes. 
Due to the significant effect of hydrogen with dif- 
ferent binding energies on the structure and strength 
of materials, it is necessary to develop approaches that 
would be suitable not only for scientific research but 
also for industrial experiments. 
2.1. Measuring hydrogen concentration by the 
vacuum-heating method 
The vacuum-heating method [15–18] is one of 
the ways for measuring hydrogen concentrations in 
solid samples; it is used in research as well as in 
the industrial monitoring. For our experiments we 
used an industrial AB-1 hydrogen analyzer with mass- 
spectrometric monitoring of the time dependence of 
hydrogen flow from a sample heated in vacuum. Fig. 1 shows the system of sample preparation con- 
sisting of an extraction system 2 , 3 (made of quartz 
glass) and a radiation furnace 4 whose temperature is 
kept constant during the analysis. Cylindrical samples 
1 are placed into a non-heated extractor branch 2 made 
of thin quartz glass. 
During the analysis the sample 1 is discharged 
without breaking the vacuum into the analytical branch 
3 . The latter is kept at a constant extraction tempera- 
ture which is automatically maintained by the heater 
4 fitted over the branch. A functional scheme of the 
analyzer is shown in Fig. 2 . 
For most alloys the extraction temperature lies 
within the range of 400–800 ºС . The extractor volume 
is continuously vacuum-pumped to an operating pres- 
sure of 100 μPa. The analyzed sample is slowly heated 
to the extraction temperature. The hydrogen flow dis- 
charged from the sample is measured by a mass ana- 
lyzer pre-calibrated by samples with the standard hy- 
drogen content. A time dependence of hydrogen flow 
from the extraction system (i.e., the extraction curve) 
is obtained as a result of analyzing a sample. The in- 
tegral of the extraction curve is proportional to the 
quantity of hydrogen extracted from the sample. 
Curve shapes are characteristically different for alu- 
minum, magnesium and titanium alloys, and various 
steel grades. In order to find the diffusion parameters, 
we have compared the experimental and the calculated 
extraction curves (the latter is obtained through math- 
ematically modeling the transient hydrogen diffusion 
in the studied sample. 
2.2. Modeling the hydrogen diffusion process in the 
sample 
Let us examine the process of heating the sample 
in vacuum on the example of titanium samples used 
in the experiments. The shape of the sample is close 
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Fig. 2. A functional scheme of the AB-1 hydrogen analyzer: extractor with samples ( 1 ; radiation-heated furnace with a temperature controller 
( 2 ); liquid nitrogen trap ( 3 ); vacuum pump ( 4 ); mass spectrometer ( 5 ); digital recording system with a monitor ( 6 ); gas calibration system ( 7 ). 
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 to a parallelepiped with the dimensions a = 2.6 mm,
l = 4 mm, b = 4 mm. 
During the analysis the temperature of the extractor
walls is maintained at a constant level Т 0 . Quartz glass
from which the extractor is made has a practically
zero thermal conductivity, and the area of the contact
between the sample and the extractor walls is small,
therefore, heat transfer occurs only through radiation. 
Quartz glass does not transmit infrared radiation
from the radiation-heated furnace 4 (see Fig. 1 ), so
the sample heats up only due to thermal emission from
the extractor walls. The quantity of heat dQ absorbed
by the sample in time dt is 
d Q = ε n σS(T 4 0 − T 4 ) d t . (1)
Here σ is the Stefan–Boltzmann constant ( σ =
5 . 6687 · 10 −8 W ٠m –2 ٠K –4 ); S is the sample surface
area; T is the sample temperature; T 0 is the wall tem-
perature of the analytical branch of extractor; ε n is the
coefficient of the absorption by the sample expressed
as 
ε n = 1 
1 
ε t 
+ S S 2 
(
1 
ε 2 
− 1 
) , 
where ε t is the absorption coefficient for titanium, ε 2
is the absorption coefficient for the quartz glass walls
of the analytical branch of the extractor (in case of
infrared radiation it approximately equals 1), S 2 is the
surface area of the wall of the analytical branch of the
extractor participating in the heat transfer. 
For values of ε 2 = 1 or for those far higher than
the value of ε t the equality ε n ≈ ε t is approximately
satisfied. For the temperature range 200–900 ºС that
is of interest to us it can be assumed for titanium that
ε t = 0. 2 (2)
The specific heat capacity of titanium under these
conditions is weakly dependent on the temperature andis c = 0.6 kJ ٠kg –1 ٠K –1 . The heat dQ (see the expres-
sion ( 1 )) absorbed by the sample increases its temper-
ature by the value of dT : 
d Q = cρV d T , (3)
where ρ and V are the density and the volume of the
sample. 
The equation for sample heating follows from Eqs.
(1) –(3) : 
dT 
dt 
= σS 
cρV 
· 0. 2 · (T 4 0 − T 4 ) (4)
The dependence of hydrogen concentration in the
sample on the coordinates and time can be obtained
by solving the unsteady diffusion equation: 
C = 1 
D 
∂C 
∂t 
C | S = 0 
 | t=0 = C 0 (5)
where C is the hydrogen concentration in the sam-
ple, and D is the hydrogen diffusion coefficient in the
metal; 
D = D 0 exp ( − − u/kT ) 
( u is the hydrogen activation energy, D 0 is the diffu-
sion constant, k is the Boltzmann constant). 
For the given boundary conditions the first term of
the Fourier series at the hydrogen concentration C that
is the solution of Eq. (5) takes the form 
(x, y, z, t ) = C 0 π
3 
8 
sin 
πx 
a 
· sin πy 
b 
· sin πz 
l 
· f 1 (t, u, D 0 ) , (6)
where l , a , b are the height and the cross-section di-
mensions of the sample. 
The function f 1 (t, u, D 0 ) is the solution of the
equation 
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Fig. 3. The experimental ( 1 ) and the calculated ( 2 ) extraction curves 
with three characteristic energy maximums for the PT7M titanium 
alloy. ˙ f 1 + D 0 · exp 
(
− u 
kT 
)(π2 
a 2 
+ π
2 
b 2 
+ π
2 
l 2 
)
f 1 = 0 
f 1 (0, u, D 0 ) = 1 
(7) 
When analyzing the hydrogen content, the device 
records the temporal dependence of the total hydro- 
gen flow q(t ) across the sample surface. According to 
Fick’s law, it is expressed by the following formula 
q(t ) = −
∫ 
S 
D 
dC 
dn 
dS (8) 
(recall that S is the surface area of the sample). 
After integrating the expression ( 8 ) using the for- 
mula ( 6 ) for the hydrogen concentration C , we obtain 
that 
q(t ) = 16 C 0 
π2 
·
[
1 
a 2 
+ 1 
b 2 
+ 1 
l 2 
]
· D 0 
· exp 
(
− u 
kT 
)
· f 1 (t, u, D 0 ) (9) 
If we assume that the hydrogen in a sample is lo- 
cated in traps with different binding energies u i to 
which the diffusion constants D 0i and the initial hy- 
drogen concentrations C 0i correspond, then, due to the 
linearity of the diffusion equation (5) , the superposi- 
tion principle can be used. Then the temporal depen- 
dence of the total hydrogen flow from the sample q(t ) 
will be defined by the sum 
q(t ) = 16 
π2 
·
[
1 
a 2 
+ 1 
b 2 
+ 1 
l 2 
]
·
∑ 
i 
C 0i · D 0i · exp 
(
− u i 
kT 
)
· f 1 (t, u i , D 0i ) , (10) 
where f 1 (t, u i , D 0i ) are the solutions of Eq. (7) for 
the given values of the constants u i , D 0i , C 0i and the 
sample dimensions ( l , a , b ). 
By comparing the experimental extraction curve to 
the calculated one ( 10 ), for the selected initial con- 
centrations C 0i and diffusion constants u i , D 0i we shall 
obtain the activation energy and the diffusion constant 
values for the hydrogen in the metal. Fig. 3 shows 
plots for two extraction curves, one of which was mea- 
sured experimentally, and the other one was calculated 
through simulation using the formula ( 10 ). 
Thus, the extraction curve measured using the 
vacuum-heating method via the AB-1 hydrogen an- 
alyzer allows finding the fundamental parameters de- 
scribing the state of hydrogen in a solid body: the 
levels of the hydrogen binding energy u i , the quantity 
of hydrogen N i in different energy states (energy level 
population), the diffusion constant D 0i for the hydro- 
gen with the binding energy u i . 2.3. Verifying the main approximations of the method 
for determing the binding energy 
In order to experimentally verify the assumptions 
we made, the samples shaped as a parallelepiped with 
the dimensions of 2.0 ×2.0 ×2.5 mm were fabricated 
from the PT7M titanium alloy. The samples were cut 
out of a pipe 28 mm in external diameter. 
Six samples of the same size were loaded into the 
extraction system of the AB-1 hydrogen analyzer. The 
tests of each sample were carried out at a specific 
extraction temperature, starting from 530 ºС and end- 
ing with 800 ºС . Each time the analytical branch of 
the extraction system was heated up to the extrac- 
tion temperature without the sample; then the sample 
was discharged into the heated analytical branch and 
the extraction curve was measured. Each sample was 
tested once. This meant that at low temperatures only 
a part of the hydrogen contained within the sample 
was extracted from it. The results of the experiments 
are shown in Fig. 4 a . 
The analysis of the extraction curves reveals the 
activation character of hydrogen diffusion from tita- 
nium alloy. The hydrogen with a high binding energy 
is virtually not extracted up to an extraction tempera- 
ture 750 ºС and stays in the samples after the analysis 
has been conducted. 
If the assumptions that there are states with dif- 
ferent hydrogen binding energies u i and their corre- 
sponding diffusion constants D 0i are correct, then, af- 
ter finding these parameters from one of the extraction 
curves, we can adequately describe the measured ex- 
traction curves for other temperatures of analysis. 
N.R. Kudinova et al. / St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 347–355 351 
Fig. 4. The experimental ( a ) and the simulated ( b ) extraction curves 
for the PT7M titanium alloy samples obtained at various extrac- 
tion temperatures T 0 , ºC: 530 ( 1 ), 600 ( 2 ), 700 ( 3 ), 750 ( 4 ), 775 
( 5 ), 800 ( 6 ). Aside from the temporal axis, the measured hydrogen 
concentrations in the samples are shown above the horizontal axis. 
Fig. 4 , b shows the total hydrogen flow values calculated by Eq. 
(10) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The process of high-temperature vacuum extraction
was modeled 6 times for various extraction tempera-
tures, with the extracted hydrogen flow calculated by
the formula ( 10 ). 
The modeling results are shown in Fig. 4 b . All the
calculated extraction curves at the specified analysis
temperatures were plotted in a single graph, similarly
to the experimental curves shown in Fig. 4 a . 
The obtained modeling results are in good agree-
ment with the experiment. The diffusion parameters
used for modeling were found by analyzing the exper-
imental extraction curve obtained at an analysis tem-
perature of 800 ºС (see Fig. 3 , curve 1 ). We managed
to extrapolate our data to lower temperatures withoutusing adjustable parameters, and the modeling result
is in agreement with the corresponding experiment. 
Thus, the proposed model is valid for describing the
real physical processes taking place during the high-
temperature vacuum extraction of hydrogen from the
analyzed sample of the solid material. 
The model describing the process of heating the
sample takes into account only the heat transfer
through radiation. The possible sources of error when
finding the activation energy of diffusion can include
the non-zero thermal conductivity of quartz glass, and
also the thermal radiation absorption coefficient not
defined precisely enough. 
To verify the proposed model of sample heating the
following experiment was set up. 
Two cylindrical samples measuring 2 r = 8 mm in
diameter and h = 15 mm in height were cut out from
the same bar of the Amg6 alloy. Before the samples
were loaded into the extractor, one of the samples
was coated with soot obtained by incomplete com-
bustion of acetylene. The sample was only minimally
heated due to the short contact between the sample
and the soot-containing flame of the burner. The oper-
ating temperature of the extraction system was 530 ºС .
The blackened sample was discharged into the analyt-
ical branch by a magnetic pusher without breaking the
vacuum. 
The extractor walls were at the operating temper-
ature of the analysis. An unheated sample (with an
initial room temperature) was heated up to the extrac-
tion temperature and then kept at this temperature until
the analysis was finished. 
An ordinary sample had a low absorptive capacity
typical for aluminum alloys, while the absorptive ca-
pacity of a soot-covered sample was practically equal
to 1. 
The extraction curves for the blackened and the or-
dinary samples were measured ( Fig. 5 ). It was estab-
lished (and can be seen in the figure) that the soot-
covered sample was heating up about 20 times faster.
If we assume that hydrogen diffusion exhibits an acti-
vation behavior, then it is possible to assess the sample
heating rates from the extraction curves. 
The first hydrogen peak on the extraction curve (see
Fig. 5 ) is due to the desorbtion of surface hydrogen
from the sample. The maximum position corresponds
to sample temperatures of 100–150 ºС . 
Eq. (4) was used to model the sample heating dy-
namics. The absorption coefficient ε t was taken as 1
for the soot-covered sample. 
Fig. 6 presents the results of modeling the
temperature-time relationship for the samples. Curve
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Fig. 5. The initial parts of the extraction curves obtained for the 
AMg6 aluminum alloy samples that are identically-shaped but have 
different surfaces: with the soot ( a ) and without it ( b ). 
Fig. 6. The results of modeling the heating dynamics of the three 
analyzed samples (with various values of the ε t coefficient) with 
time: 1 – ε t = 1 (the soot-covered sample); 2 –ε t = 2 · 10 −4 · (T + 
64. 3) (the sample prepared by the GOST 21132.1-98 standard, with 
the absorptive capacity increased); 3 – ε t = 7 · 10 −5 · (T + 64. 3) 
(the polished sample of pure aluminum). 1 corresponds to the soot-covered sample; curve 3 
was obtained for a polished sample of pure aluminum. 
Curve 2 corresponds to the sample of the AMg6 alu- 
minum alloy prepared by the GOST 21132.1-98 stan- 
dard; the absorption coefficient for this sample corre- 
sponds to experimental curve 2 in Fig. 6. 
The analysis of these results of modeling the sam- 
ple heating dynamics allows to conclude that the 
actual absorption coefficient for aluminum alloys is 
higher than the corresponding literary data for pure 
polished aluminum. This is likely due to the presence 
of dopants in the metal and the quality of the surface 
treatment of the samples. The experiments we con- 
ducted show that the real absorption coefficient can 
be found experimentally for each type of alloy. 
The above-described technology for the compara- 
tive analysis of hydrogen content in samples with ad- 
justable absorption coefficients allows to determine the 
sample temperature-time relationship during analysis 
more precisely. 
Other methods for finding sample temperature in 
vacuum either significantly skew the analysis results, 
or have a low accuracy. Let us outline the main exper- 
imental problems arising when measuring temperature 
in vacuum. 
Anchoring the thermocouple on the sample in vac- 
uum makes the experiment and the extraction system 
too bulky. At temperatures of 500–600 ºС the thermo- 
couple conductors need to be isolated by special ma- 
terials, as both the isolation itself and the thermocou- 
ple material may contain hydrogen, which can sig- 
nificantly skew the analysis results (especially when 
determining low hydrogen concentrations). The ther- 
mocouple can be anchored only if it is pressed into a 
recess or a hole in the sample; this, however, leads to 
significant plastic deformations of the material, even 
for sample masses of around 2–5 g. 
Anchoring the thermocouple on a special support or 
in a crucible may cause the material of these fixtures 
to significantly affect the analysis results and skew 
them. Using pyrometers for finding the temperature of 
the samples does not provide the necessary accuracy, 
since considerable interferences are caused by the ther- 
mal radiation of the furnace. Besides, for temperatures 
lower than 500 ºС , pyrometry has an error higher than 
±50 ºС . 
Thus, the experimental and calculation proce- 
dure we suggest for determining the sample time- 
temperature relationship during high-temperature vac- 
uum extraction of hydrogen allows to obtain reliable 
data on the magnitude of the absorptive capacity of 
the sample surface and to produce valid results when 
N.R. Kudinova et al. / St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 347–355 353 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 approximating the extraction curves in order to find
the hydrogen binding energies u i and the diffusion
constants D 0i in various materials. 
3. Discussion of the results 
No assumptions about the parameters of the sam-
ples have been made when determining the binding
energy by the traditional method of thermal desorption
spectra. This is why the algorithm for finding the bind-
ing energies appears to be independent and objective.
However, this independence is not always confirmed
experimentally. Ref. [13] takes into account the shape
and the sample sizes, which considerably alters the
measured binding energy values. Ref. [19] for steels
of the same type shows a significant data scatter in
diffusion parameter values, and, aside from that, the
obtained activation energies u i and diffusion constants
D 0i are, the same as in Ref. [13] strongly dependent
on the size of the studied samples. 
The TDS method is based on the trap hypothesis,
according to which there is a single hydrogen diffu-
sion channel in a solid body, with traps uniformly dis-
tributed within the sample. Traps accumulate hydro-
gen. This hypothesis does not take into account the
physical considerations that diffusion is only a model
of the statistically balanced changes in atomic and
molecular states. The equations for hydrogen diffusion
and for the changes in hydrogen contents in traps are
different. Let us analyze the contradictions that arise
from this approach for small-thickness samples. 
Let us assume that hydrogen is located in traps of
several types (with different binding or activation ener-
gies). After escaping from the traps, hydrogen trans-
forms into a diffusely mobile state with the binding
energy u 0 . In this state hydrogen diffusion is possible
in a thin layer with the thickness d in the direction of
the OX axis. 
The equation for the hydrogen escaping from traps
with the binding energy u 0 i is described by a standard
kinetic equation 
d w i 
dt 
= −D i w i 
w i (0) = w i0 (11)
where w i (t ) is the hydrogen concentration in the trap
(normalized to the layer mass); D i is the coefficient
for the rate of escape from the trap, 
D i = D 0i e −
u 0i 
kT (t ) ( D 0i is the constant of the trap escape rate, similar to
the diffusion constant; T (t ) is the time-dependent layer
temperature). 
Let us assume that the traps are distributed non-
uniformly over the layer bulk, specifically, 
w i (t, x) = w i (t ) sin ( πx d ) . 
It follows from Eq. (11) that 
w i (t ) = w i0 exp 
(
−
∫ t 
0 
D i (θ ) dθ
)
. 
The diffusion equation 
∂w 
∂t 
= D d 
2 w 
d x 2 
−
∑ 
i 
d w i 
dt 
, 
w(t, 0) = w(t, d ) = 0 
w(0, x) = w 0 sin 
(πx 
d 
)
. 
(12)
Here D = D 0 exp( − − u 0 /kT (t ) ) is the diffusion co-
efficient; wis the mass hydrogen concentration in the
layer; the source terms describe hydrogen flow from
the traps inside the layer. 
Let us use the expression ( 11 ); then the diffusion
equation can be rewritten in the following way: 
∂w 
∂t 
= D d 
2 w 
d x 2 
+ 
∑ 
i 
D i w i , (13)
Substituting the expression τ = ∫ D(t ) dt into Eq.
(13) produces the following form of the equation: 
∂w 
∂τ
= d 
2 w 
d x 2 
+ 
∑ 
i 
D i 
D 
w i 
w(τ, 0) = w(τ, d ) = 0 
w(0, x) = w 0 sin 
(πx 
d 
)
. 
(14)
The general solution for a uniform problem takes
the form 
w(τ, x) = w 0 sin 
(πx 
d 
)
exp 
(
−π
2 
d 2 
τ
)
. (15)
The solution for a non-uniform problem follows the
expression 
w(t, x) = 
[
w 0 exp 
(
−π
2 
d 2 
τ (t ) 
)
+ 
∫ τ (t ) 
0 
exp 
(
−π
2 (τ (t ) − θ ) 
d 2 
)
×
∑ 
j 
D j (θ ) 
D(θ ) 
w j (θ ) dθ
⎤ 
⎦ sin (πx 
d 
)
. (16)
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Fig. 7. The extraction curve for an aluminum alloy sample with a 
mass of 2 g and a hydrogen concentration of 0.1 ppm (right) and the 
background flows (left) during the stepwise heating of the extraction 
system up to 700 ºС . The first intriguing corollary from the obtained so- 
lutions is that the ratios 
D j (θ ) 
D(θ ) 
= D 0 j 
D 0 
exp 
(
−u j − u 0 
kT (θ ) 
)
take part in the convolution of the solution ( 16 ). Con- 
sequently, the hydrogen ready to diffuse can be re- 
garded as the molecules located in a trap with the 
binding energy u 0 , while the hydrogen escaping from 
traps would be a transition from the u j to the u 0 en- 
ergy level; this transition occurs with an energy loss 
equal to u j – u 0 . 
Let us rewrite the time multiplier in the equality 
( 16 ) taking into account the time substitution and the 
solutions for the mass concentration w j : 
w t (t ) = w 0 exp 
(
−π
2 
d 2 
∫ t 
0 
D(θ ) dθ
)
+ 
∫ ∫ t 
0 D(θ ) dθ
0 
exp 
( 
−π
2 ( 
∫ t 
0 D(θ ) dθ − θ ) 
d 2 
) 
×
∑ 
j 
[
D j (θ ) 
D(θ ) 
w j0 exp (−
∫ θ
0 
D i (σ ) dσ ) 
]
dθ
(17) 
Let us examine the case 
of a very thin layer d << 1 . 
Then the expression ( 17 ) can be approximately 
written as 
w t (t ) ≈ w 0 exp 
(
−π
2 
d 2 
∫ t 
0 
D(θ ) dθ
)
+ d 
2 
π2 
∑ 
j 
[ 
D j ( 
∫ t 
0 D(θ ) dθ ) 
D( 
∫ t 
0 D(θ ) dθ ) 
w j0 exp 
×
( 
−
∫ ∫ t 
0 D(θ ) dθ
0 
D i (σ ) dσ
) ) ] 
. (18) 
There is a fundamental difference between the ex- 
ponents of the first and the second summands, as in 
the case of diffusion the exponent is multiplied by the 
scaling factor π2 / d 2 , while in the case of trap deple- 
tion it is not. Therefore, the hydrogen diffusion from 
traps is essentially independent of the layer thickness, 
and this deduction contradicts the experimental data. 
In experiments with 7–10 μm-thick films the dura- 
tion of hydrogen peaks of the extraction curves was a 
few tens of seconds. 
The attempts to model the ‘natural’ hydrogen flows 
from 10 μm-thick samples using the single-channel 
diffusion model result in obtaining reasonable values 
of 0.2–0.4 eV for the activation energy of the diffu- 
sion channel itself, while the binding energies in traps make up the additional hundredths of electron volts. 
This means that the thermal-motion energy at room 
temperature is enough for effective trap depletion. On 
the contrary, the multichannel model gives a differ- 
ence of 0.4–1.0 eV between the activation energies of 
different diffusion channels. 
Therefore, the experimental data, the physical con- 
siderations and the mathematical modeling based on 
them confirm that the multichannel hydrogen diffusion 
model is more accurate in describing the experimental 
results. 
There is another source of errors for the TDS 
method. There are background hydrogen flows from 
the extraction system, dependent on sample tempera- 
ture. When the sample is heated, the temperature of 
the adjacent parts of the extraction system is growing. 
In some cases, the magnitude of the background hy- 
drogen flow increases by a factor of hundreds during 
TDS measurements [15] . It is quite common for the 
TDS method to pre-saturate the samples with hydro- 
gen, which allows to reduce the effect of the growing 
background flows. In order to assess this effect on the 
results of measuring natural hydrogen concentrations, 
an experiment on stepwise varying the extraction sys- 
tem temperature of the AB-1 hydrogen analyzer was 
conducted. Fig. 7 shows the extraction curve of an alu- 
minum alloy sample with a mass of 2 g and a hydro- 
gen concentration of 0.1 ppm, as well as background 
flows occurring during the stepwise heating of the ex- 
traction system up to 700 ºС . Hydrogen flow from the 
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 walls of the extraction system exceeds the value of the
hydrogen flow from the studied sample. 
4. Conclusions 
The study conducted shows that the multichannel
diffusion model is more accurate than the others in
describing the real process of hydrogen diffusion in
a solid body (the method of high-temperature vacuum
extraction of hydrogen is used while the analyzed sam-
ple is heated up). 
Using the above-described method with mass-
spectrometer measurements of the instantaneous hy-
drogen flow values allows to measure small natural
hydrogen concentrations and the distribution of these
concentrations over the activation energies. The high
sensitivity of the industrial AB-1 hydrogen analyzer
makes it possible to trace the transformations of nat-
ural hydrogen in the sample under various thermome-
chanical and physical and chemical actions. 
Thus there is no need to pre-saturate the samples
with hydrogen. This approach produces a new system
whose properties differ from the original material. Our
studies [20] have shown that increasing hydrogen con-
centrations by 2 or 3 times results in material failure.
Aluminum-alloy castings break down during crystal-
lization, if their hydrogen concentration has been ex-
ceeded twofold. Ref. [21] demonstrated that saturating
a material with hydrogen lead to a 3 to 5 times de-
crease in yield point. 
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